Volcanic gas composition measurement by Multi-GAS was repeated during the eruptive period in 2014-2015 as well as the quiet period preceding the eruption at Nakadake crater, Aso volcano. The eruptive activity is characterized by continuous ash emission with intermittent Strombolian activity and temporal pauses. Volcanic gas composition measured during the eruptive period showed a rapid and large variation. In particular, the CO 2 /SO 2 and SO 2 /H 2 S ratios varied in the rages of 1-8 and 3-300 during the ash eruption with a clear negative correlation. The large variation and the negative correlation of the compositions are attributed to two orders of magnitude difference of degassing pressure, such as 20 and 0.2 MPa; the gases with the large CO 2 /SO 2 and the small SO 2 /H 2 S ratios are derived from the high pressure. The rapid and large composition variation suggests frequent ascent of bubbles formed at various depth during the eruption. The maximum CO 2 /SO 2 ratio decreased with decreasing eruption intensity that suggests decrease in contribution of the bubbles derived from a large depth. With time, H 2 O/SO 2 ratio of the gases increases from 30 to > 60, suggesting increase in a hydrothermal contribution.
Introduction
Expansion of bubbles in magmas is the major driving force of explosive eruptions, and behavior of bubbles in magmas controls variation of eruption styles. Volcanic gas composition constraints conditions of bubble formation and separation of bubbles from magmas. Composition of gases discharged during eruption, however, was poorly known in the past because of the difficulty of gas sampling from an erupting vent. Recent development of gas monitoring techniques enabled composition measurement of volcanic gases discharged during eruptions and has revealed the role of bubbles in magmas during eruptions. Emission of CO 2 -rich gases measured during Strombolian and lava fountaining eruptions by Fourier transform infrared absorption spectroscopy (FT-IR) revealed that these eruptions are driven by CO 2 -rich bubbles formed at a high pressure (Allard et al. 2005; Burton et al. 2007 ). Increase in CO 2 /SO 2 ratio of volcanic gases was observed by Multi-GAS measurement prior to paroxysmal explosions at Stromboli and Villarrica volcanoes and is attributed to supply of CO 2 -rich bubbles formed at a high pressure (Aiuppa et al. 2009 (Aiuppa et al. , 2017 . These examples suggest that supply of CO 2 -rich bubbles drives eruptions; however, there is few measurement of the gas composition during eruptions other than Strombolian or lava fountaining eruptions. Variation of CO 2 / SO 2 ratio in volcanic gases was not detected at Asama volcano before and after vulcanian eruptions but the composition data during the eruption were not obtained (Shinohara et al. 2015a) .
Nakadake crater, Aso volcano, is a persistently degassing volcano with frequent magmatic eruptions, which are characterized by continuous ash eruption with intermittent Strombolian activity (Ono et al. 1995; Sudo et al. 2006 ). Volcanic gas composition measurement is repeated using Multi-GAS since 2003 (Shinohara et al. 2015b ). This article reports results of the recent Open Access *Correspondence: shinohara-h@aist.go.jp 1 Geological Survey of Japan, National Institute of Advanced Industrial Science and Technology, 1-1-1 Higashi, Tsukuba, Ibaraki 305-8567, Japan Full list of author information is available at the end of the article measurement including a period of recent eruptions in [2014] [2015] . The recent eruptive activity is the typical activity of the volcano, and gas measurement was performed during ash eruptions with variable intensities and during temporal pauses of the eruptions. Conditions to cause observed gas composition variation are evaluated in relation to variation of the eruptive activities. Gas composition variation is measured also during a quiet period before the eruption, and changes in gas supply processes during the quiet period and the eruptive period are discussed.
Aso volcano
Aso volcano is a large caldera volcano, with the size of 25 km north-south and 18 km east-west, and repeated gigantic pyroclastic flow eruptions from 270 to 90 ka. Several post-caldera cones, with compositions ranging from basalt to rhyolite, are formed near the center of the caldera after the last caldera forming eruption (Ono and Watanabe 1985) . Nakadake cone is a presently active basalt to basaltic-andesitic stratocone of Aso volcano ( Fig. 1 map) . During the past 6000 years, dominant eruptive products at Nakadake cone are black ash with some scoria, indicating that the foremost eruption style was continuous ash emission, that is called "ash eruption" (Ono et al. 1995) . The Nakadake cone is currently quite active with ash eruptions in 1974 , 1979 , 1984 -1985 , 1985 -1995 and 2014 Ono et al. 1995; Yokoo and Miyabuchi 2015) .
During quiet stages of the volcano, the summit crater of Nakadake cone is filled with a hot and acid crater lake with water temperature ranging 40-80 °C and acidity levels of pH = − 1 to + 1 (Ohsawa et al. 2003 (Ohsawa et al. , 2010 Miyabuchi and Terada 2009 ). The Nakadake crater repeated a cyclic activity as follows (Kawakatsu et al. 2000; Sudo et al. 2006 ): When the lake water level becomes low, phreatic eruptions occur. After the lake completely dries, high-temperature gas vents appear at the bottom with incandescence, then start to emit volcanic ashes. With widening of the vent, the ash eruption becomes continuous and intense, and is associated with intermittent Strombolian explosions. The crater lake water recovers with weakening of the magmatic eruptive activity (Sudo et al. 2006) .
The most recent magmatic eruption started on November 27, 2014, with continuous ash eruption and intermittent Strombolian explosions that continued until May 21, 2015, with temporal pauses of the ash emissions. Variation of the crater lake volume, SO 2 flux from the crater and related activities between 2000 and 2016 are reported by Fukuoka Regional Headquarters, Japan Meteorological Agency (2016) and Terada and Hashimoto (2017) . The lake water was at 100% level in 2009, decreased to a low level for a few times in 2010, 2011 and 2012, then almost dried at the end of 2013 and fumaroles appeared at the crater bottom. The SO 2 flux was about 500 t/d before 2013 and increased to 500-2000 t/d in the late 2013 after drying of the crater lake water. Temperature of fumaroles at the crater bottom increased, (Table 1) . The location 8 is located further 1 km to the northeast from the point on the map and incandescence was observed even in the daylight on November 18, 2014. The eruption started from the hightemperature vent on November 25 and became intensive with enlargement of the vent (Yokoo and Miyabuchi 2015) . The eruption style is the continuous ash eruption with intermittent Strombolian explosions, similar to the past eruptions. The ash eruption culminated in late January, discharging ~ 2 × 10 6 tons of ash until February 2, 2015 (Marumoto et al. 2017; Yokoo and Miyabuchi 2015) . The SO 2 flux increased to 1000-3000 t/d during the most active period. The eruption continued with some temporal pauses until May 21, 2015. After the cease of the eruption in May 2015, the crater lake water immediately recovered by June 6, 2015, but the SO 2 flux continued to be high as 1000-2000 t/d until present (August, 2017) .
Gas emission occurs at two locations in the Nakadake crater: fumaroles on the southern wall of the crater and center area of the crater (Fig. 1b) . During the quiet stage, the crater is filled with the hot and acid lake water and intensive gas emission occurs through the lake water (lake gas; Fig. 2a ; Shinohara et al. 2015b) . After drying the lake, fumaroles appeared at the center of the crater floor (Fig. 2b) . The eruption started from one of the intense fumaroles, which became a single location of eruption and degassing on the crater floor. The main vent discharges volcanic gases not only during the ash eruption but also during temporal pauses of the eruption (vent gas; Fig. 2c-g ). Degassing from the southern fumaroles (fumarolic gas) was continuous regardless of the changes from the quiet period to the eruptive period.
Variation of volcanic gas compositions of the lake gas and the fumarolic gas at the southern wall until March 2009 was reported by Shinohara et al. (2015b) . The fumarolic gases have a typical magmatic gas composition with high SO 2 and H 2 contents and have high equilibrium temperatures estimated based on their chemical and isotopic composition up to 900 °C, suggesting that the fumarolic gases are directly derived from magma degassing a b c d e f Fig. 2 Photographs of the degassing and eruptive activities at the Nakadake crater, Aso volcano. All photographs, except c, were taken from the location 4 in Fig. 1 , and show the two separate degassing sources of the main vent (or the crater lake) on the left and the fumaroles on the southern rim on the right. a The crater lake and the fumarolic area during the quiet period on August 19, 2010. b Gas emission occurs at the main vent after disappearance of the crater lake and the fumaroles on November 18, 2014. (Shinohara et al. 2015b; Tsunogai et al. 2011) . The lake gases are poor in HCl and H 2 S due to reaction in the lake water, but have high contents of SO 2 and H 2 , indicating the magmatic gas supply also to the lake gas. The CO 2 / SO 2 ratios of the lake gas are smaller than those of the fumarolic gas, in most cases. Shinohara et al. (2015b) interpreted the contrasting compositions as the result of differentiation of the magmatic gas to a CO 2 -rich vapor phase and a CO 2 -poor liquid phase under a hydrothermal system. The fumarolic gas is the mixture of the magmatic gas and the CO 2 -rich vapor of the hydrothermal system and the gas components that remained in the CO 2 -poor liquid phase are the source of the lake gases. The crater bottom is dry during the eruptive period. A hydrothermal system, however, is suggested to be located at shallow depth surrounding the eruption vent based on observations of salt fallouts during ash eruptions (Shinohara et al. 2018) . Fallout of hollow salt shells was observed during and shortly after ash eruptions in 2015. The chemical composition of the salt shells was similar to the salts formed by the drying of the crater lake water. The hollow structure of the shells suggests that they were formed by the heating of hydrothermal solution droplets suspended by a stream of the plume. The salt shells suggest the existence of a hydrothermal system beneath the crater floor, even during the course of magmatic eruptions.
Methods
Composition of volcanic gases discharged from the southern fumaroles, the crater lake surface (during the quiet period) or the main vent (during the eruptive period) are estimated by the plume measurement with the Multi-GAS and alkali filter pack techniques (Aiuppa et al. 2005; Shinohara 2005 ). The Multi-GAS instrument has a non-dispersive infrared CO 2 -H 2 O analyzer (LI-840, LI-COR, Inc., Lincoln, USA), SO 2 and H 2 S electrochemical sensors (KTS-512 and KHS-5TA, respectively, Komyo Rikagaku K.K., Kawasaki, Japan) and a H 2 semiconductor sensor (Model GM12s, Sensor Tech K.K., Rittou, Japan). Data are recorded at 1-s intervals. The gas analyzer and sensors were calibrated with standard gases before and after each field trip. The electrochemical H 2 S sensors have significant cross-sensitivity, and a filter-type scrubber for SO 2 (Type KP-SO2J, Komyo Rikagaku K.K., Kawasaki, Japan) was placed in front of the KHS-5TA sensor to reduce the cross-sensitivity to SO 2 (Shinohara et al. 2011) . Capacity of the scrubber is 1500 ppm min, which can remove SO 2 of 150 ppm for 10 min. The scrubber needs to be replaced after exposure to the plume with high SO 2 concentration. Cross-sensitivity of the H 2 S sensor to SO 2 is about 0.1% with the scrubber that can quantify the SO 2 /H 2 S ratio up to 1000. The relative concentrations of S, Cl and F were obtained using the alkali filter pack technique (Shinohara and Witter 2005) . The effect of partial absorption of H 2 S by the alkaline filters was corrected by the method described by Shinohara et al. (2011) .
Concentration ratios of the gas species in the volcanic gas are estimated based on a slope of a linear correlation on a scatter plot of two gas species concentrations (Shinohara et al. 2011, Table 1 ). In order to reduce a highfrequency noise on the LI-COR data, a running average of 15 s are used for the data analyses. Sensor response time is different for the different types of sensors, and the data are plotted by shifting the time to obtain the maximum correlation; e.g., the CO 2 data are plotted with the SO 2 data obtained several seconds later to compensate the slower response of the SO 2 sensor. Typical time lag between CO 2 data and other gas data is, 7 s for SO 2 , 4 s for H 2 S, 1 s for H 2 O and 10 s for H 2 (Shinohara et al. 2011) . One sigma errors of the estimated concentration ratios by the instruments are ± 5% for CO 2 /SO 2 , SO 2 /H 2 S and H 2 O/SO 2 ratio, and ± 15% for H 2 /SO 2 ratio. The large error of the H 2 /SO 2 ratio is due to slower response of the H 2 sensor than other sensors, particularly in the low concentration range below 1 ppm (Shinohara et al. 2011) . Actual error on natural plume measurements depends on concentrations of volcanic gas species, speed of concentration changes and background fluctuation in the atmosphere. Typical errors of the plume measurements are ± 10% for the CO 2 /SO 2 and SO 2 /H 2 S ratios and ± 30% for the H 2 /SO 2 ratio (± 1σ). The typical error on the H 2 O/ SO 2 ratio is ± 10% under a stable atmospheric condition, but the error on the H 2 O/SO 2 ratio becomes larger with a larger fluctuation of the atmospheric background H 2 O concentration. The analytical error of the alkali filters is ± 5% for both SO 2 /Cl and F/Cl ratios (± 1σ).
During the quiet period, we estimated separately the composition of the fumarolic gas and the lake gas by selecting the measurement location considering the wind direction and the actual plume movement. The crater lake and the fumaroles are inaccessible because of the steep wall of the summit crater (Fig. 1b) , and the plume measurement are conducted on the crater rim at locations indicated in Fig. 1b . During the quiet stage, we can safely access to various locations, including the southern rim of the crater near the fumaroles (site 1 in Fig. 1) , which enables the separate measurement of the fumarolic gas from the lake gas (Fig. 1) . Cross-contamination of these gases, however, can sporadically occur by changes in the local wind direction because of the adjacent location of these sources. In most cases, we can estimate a representative composition of each target gas by neglecting minor peaks with compositions clearly different from the target gas composition (Table 1 ). These peaks with different compositions are likely derived from sporadic contamination of the gases from non-target sources. The effect of contamination on the alkaline-filter data, however, could not be removed because the filter sampled the plume during 30-60 min, and its results are an average composition during the sampling period. During the eruptive period, it was not possible to perform the separate measurement of the gases from the different sources, i.e., the fumaroles and the eruptive vent, because of the limited access to avoid danger. The measured plume includes contribution from both sources. On January 12, February 25 and March 17, 2015, the measured plume compositions are quite variable during each observation. The scatter plots show quite large scattering and one or two representative concentration ratios cannot be estimated for each day based on the scatter plots (Additional file 1: Fig.   S1 ). The large scattering is likely due to temporal variation of the source gas composition or of contribution from different sources. In order to quantify the temporal variation, the gas concentration ratios are obtained by comparing peak concentration of each species at the time of major SO 2 concentration peak (Additional file 2: Tables S1-S3). Typical errors of the peak concentration ratio for high SO 2 peaks (such as > 10 ppm) are considered as similar to those obtained based on a linear correlation on scatter plots; ± 10% for the CO 2 /SO 2 and SO 2 /H 2 S ratios, ± 20% for the H 2 O/SO 2 ratio, and ± 30% for the H 2 /SO 2 ratio (± 1σ). Larger errors might be associated with peaks with lower SO 2 concentration.
In addition to the gas measurement, we observed infrasonic waves at a station of the crater rim (site 4 in Fig. 1 ) where no effect by topographic barriers should be considered for their propagation. The station was 
Results

Quiet period
Compositions of the fumarolic gas and the lake gas were separately estimated, but the effect of the cross-contamination can be recognized in some gases (Table 1) . On 28 February 2014 (fumarolic gas), and 19 May 2011 and 27 March 2012 (lake gas), the scatter plots show large scattering between two ratios. In these cases, the two end-member ratios are estimated (K and L, Table 1 ). Variation of the composition is likely due to the cross-contamination of the fumarolic gas and the lake gas. During the period of high water level, the lake gas has smaller CO 2 /SO 2 ratios and larger SO 2 /H 2 S and SO 2 /Cl ratios than the fumarolic gas (Shinohara et al. 2015b ). Mixing of the fumarolic gas to the lake gas results in a larger CO 2 /SO 2 ratios and smaller SO 2 / H 2 S and SO 2 /Cl ratios than the lake gas. For an example, the L composition on 27 March 2012 has a larger CO 2 /SO 2 ratio (0.87) and smaller SO 2 /H 2 S ratio (20) than the K composition (CO 2 /SO 2 = 0.34 and SO 2 /H 2 S ratio = 200). The L composition is likely a composition affected by the mixing of the fumarolic gas to the K composition that is likely more representative of the lake gas composition. Large difference in the SO 2 /Cl ratios was obtained for the lake gas measured on subsequent days on 26 and 27 October 2006, and 17 and 18 September 2007. The large SO 2 /Cl ratios of >100 measured on the first day in both cases are likely the less-contaminated lake gases and the smaller ratios measured in the second day are caused by contamination of the fumarolic gas, as a mixing of the HCl-rich fumarolic gases effectively decreases the SO 2 /Cl ratio. On 10 and 11 July 2008, 23 March and 19 November 2009, multiple compositions are obtained by sequential measurements for the fumarolic gas (e, ee, g and h on Table 1 ). The compositions have a variation slightly larger than the typical errors, up to twice of the errors. The variation in 10 and 11 July 2008, and 23 March 2009 is less likely due to the lake gas contamination, because a significant contribution of the lake gas with quite large SO 2 /H 2 S ratio is not suggested from the small variation of the SO 2 / H 2 S ratio of the fumarolic gas. The variation larger than the typical error may imply the actual error under the real conditions or is a temporal or spatial variation in the fumarolic gas composition. Many fumaroles distribute along the southern wall of the crater and can cause the spatial variation.
Long-term variation of the lake gas and the fumarolic gas compositions have the features similar to those observed during (Shinohara et al. 2015b ; Fig. 3 ). The gas compositions did not show significant changes prior to the eruption, even on 18 November, only 10 days before the beginning of the eruption on November 27, 2014. The CO 2 /SO 2 ratio of the lake gas ranges from 0.34 to 2.6 and that of the fumarolic gas ranges from 1.7 to 10. These ratios symmetrically vary with a central value of about two; these gases have similar CO 2 /SO 2 ratios when the ratios are close to two, and a larger deviation of the lake gas ratio from the central value to a large ratio occurs with a large deviation of the fumarolic gas ratio to a smaller ratio (Fig. 3a) . The H 2 O/SO 2 ratio of the fumarolic gas does not show clear temporal variation with an average of 53 ± 22 (av ± 1σ, hereafter, error on an average is expressed in this form; Fig. 3b ). The H 2 O/SO 2 ratio of the lake gas has the similar average of 55 ± 18 by excluding the poor quality data of the correlation factor < 0.6 (Table 1 ). The fumarolic gas SO 2 / H 2 S ratio ranges from 5 to 30, a common range for hightemperature volcanic gases (Giggenbach 1996) and shows a gradual increase in 2006-2008, then a gradual decrease in 2008-2011 (Fig. 3c) . The lake gas SO 2 /H 2 S ratio is from one to two orders of magnitude larger than the fumarolic gas, with exceptions of the low values during the low water level period. The large SO 2 /H 2 S ratio in the lake gas is due to the reaction consuming H 2 S to form elemental sulfur in the lake water (Shinohara et al. 2015b ). The fumarolic gas SO 2 / Cl ratio does not show clear temporal variation with an average of 10 ± 4 with excluding an outlier data on December 5, 2011 (Fig. 3d) . The lake gas SO 2 /Cl ratio is commonly larger than the fumarolic gas, except for the low values during the low water level period. The large SO 2 /Cl ratio is due to efficient dissolution of HCl in the lake water, and the small ratio during the low water level period is caused by evaporation of the highly Cl-concentrated lake water (Shinohara et al. 2015b; Capaccioni et al. 2016) .
The fumarolic gas H 2 /SO 2 ratio shows a large variation ranging from 0.01 to 0.34 (Fig. 3e ). The H 2 /H 2 O ratios in high-temperature volcanic gases are controlled by the following reaction (Giggenbach 1987): (See figure on next page.) Fig. 3 A long-term variation of the gas concentration molar ratios from 2003 to 2015. a CO 2 /SO 2 molar ratio, b H 2 O/SO 2 molar ratio, c SO 2 / H2 S molar ratio, d SO 2 /Cl molar ratio, e H 2 /SO 2 molar ratio and f Apparent equilibrium temperature. Circles and squares are the lake gas and the fumarolic gas compositions, respectively, and diamonds are the representative compositions during the eruptive period (Table 1 , see text for details). Shadowed areas indicate the low lake volume periods Apparent equilibrium temperatures (AET; Matsuo 1960; Ohba et al. 1994; Shinohara et al. 2011) can be calculated for reaction (1) by the following equation (Table 1 ; Fig. 3f): where K is the equilibrium constant, f is the fugacity, X is the mole fraction, and P t is the total pressure. Equation (2) can be simplified to the second equations by assuming that fugacity coefficient ratios are unity and water fugacity is equal to total pressure. AETs of the fumarolic gases under an atmospheric pressure condition are calculated to range from 400 to 1000 °C (Table 1 , Fig. 3f ). AETs for reaction (1) commonly agree with the measured temperature at high-temperature fumaroles, such as > 700 °C (Ohba et al. 1994; Shinohara et al. 2002) . The high estimated AETs are a good proxy of fumarolic temperature and the high estimated temperatures suggest that the fumarolic gas is a direct discharge of a magmatic gas (Shinohara et al. 2015b ). The AET was not calculated for the lake gases, since the SO 2 /H 2 S ratios of the lake gases are largely changed by the sulfur forming reaction in the lake water.
Eruptive period
On January 12, February 25 and March 17, 2015, the measured plume compositions are quite variable during each observation. The large scatter is likely due to temporal variation of the source gas composition or of contribution from different sources. In order to quantify the temporal variation, the gas concentration ratios are obtained by comparing peak concentration of each species at the time of major SO 2 concentration peak (Additional file 2: Tables S1-S3). Variation of the gas concentration ratios at the peaks are shown in Figs. 4, 5 and 6, for January 12, February 25, and 17 March, 2015, respectively. Waveforms of the infrasonic for these 3 days observed at the crater rim are shown in Fig. 7 , in which occurrences of explosions with peak amplitude > 50 Pa are indicated by red circles. On January 12, 2015, an intensive ash emission continued during the measurement (Fig. 1c) . The ash emission was accompanied by frequent explosions, and the infrasonic amplitude was continuously large (Fig. 7a) . The CO 2 /SO 2 and SO 2 /H 2 S ratios have large ranges from 1 to 8 and from 3 to 300, respectively (Fig. 4a, d ). During the early measurement by 10:20, the CO 2 /SO 2 ratios are split into two values of two and eight. Then the ratio shows gradual decrease from eight to two after 10:55 (Fig. 4a ). The SO 2 /H 2 S ratios (1)
show a similar variation; two values of about five and > 15 are observed before 10:20, and the ratios increased from about five to 100 after 10:55 (Fig. 4b) . The H 2 O/SO 2 and H 2 /SO 2 ratios are 30 ± 13 and 0.12 ± 0.03, respectively, and do not show clear temporal variation (Fig. 4c, d ). The composition variation does not seem to correlate with the occurrence of explosions. On February 25, 2015, a moderate ash emission continued during the measurement conducted at 1 km northeast from the crater (site 8 in Fig. 1b) . Because of the distance from the crater, the plume was diluted with the air with the maximum SO 2 concentration of 5.8 ppm, and a smaller number of peaks were quantified with lower quality than in January (Additional file 2: Table S2 ). The amplitude of infrasonic waves was relatively small until 13:05, then increased later with explosions with every 5-10 min (Fig. 7b) . However, there were no changes in the appearance of the ash emission as the surficial phenomenon. The estimated ratios show a large scatter and do not show clear temporal variation (Fig. 5) . The compositions obtained for peaks with relatively high concentration (> 4 ppm SO 2 ) are plotted in the same range of the ratios in January.
On March 17, 2015, an ash eruption continued during the measurement. Intensity of the ash eruption was moderate at the beginning of the measurement, and became very weak after 12:00. Fallouts of hollow salt shells were observed at the end of the measurement after 13:00 (Shinohara et al. 2018 ). However, no clear change in the intensity of infrasonic waves was identified regardless of the change in the ash eruption intensity (Fig. 7) . The CO 2 /SO 2 ratios show a scatter between 0.6 and 4 (Fig. 6a ). The SO 2 /H 2 S ratios varied in a large range from 2 to 400. All peaks with high SO 2 concentrations (> 10 ppm) have large SO 2 /H 2 S ratios (> 10), and majority of the low concentration peaks (< 10 ppm) have smaller ratios of less than 20 (Fig. 6b) . The H 2 O/SO 2 ratio scatters between 30 and 400, and the ratios of the high SO 2 concentration peaks (> 10 ppm) have a constant value with an average of 70 ± 23 (Fig. 6c) . The H 2 /SO 2 ratios show a larger variation between 0.004 and 0.2 (Fig. 6d) .
On May 19 and 20, 2015, the measurements were conducted at four different times and locations and the plume compositions are stable during each measurement (Table 1) . On May 19, 2015, the plume without ashes was measured. Based on visual observation during the measurement, the plume was largely derived from the fumaroles at the southern wall with minor contribution from the main vent (Fig. 1f ) . On May 20, 2015, a moderate ash eruption occurred in the middle of the measurement, when the composition B on May 20, 2015, was measured (Table 1) . The plume was a mixture of the main vent gas and the fumarolic gases, whose contribution are quite variable with time. The four compositions are similar but have a variation slightly larger than the typical errors, up to twice of the errors, except for the large SO 2 /Cl ratio measured on 19 May. This variation is similar to that obtained by the sequential measurement during the quiet period, such as on November 19, 2009. The composition obtained during the ash eruption (B on May 20, 2015, in Table 1 ) has larger CO 2 /SO 2 and H 2 /SO 2 ratios than other compositions (A and C) obtained in the same day, but the CO 2 /SO 2 ratio is similar to that obtained on May 19, 2015, for the plume mainly derived from the fumarolic gas without eruption. The composition variation does not simply correlate with the sources (the main vent or the fumaroles) nor occurrence of the ash eruption.
Correlation among the ratios
A large scattering of the gas composition was observed during the eruptive period (Figs. 4, 5, 6 ), but the variation does not show a systematic correlation with surface manifestations, such as intensive explosions recognized in the records of the infrasonic waves. Among the variations, systematic correlations are observed between the CO 2 /SO 2 and SO 2 /H 2 S ratios, in particular of the results on January 12, 2015 (Fig. 8a) . Logarithm of the CO 2 /SO 2 ratio linearly decreases from 8 to 1.5 with increase in logarithm of the SO 2 /H 2 S ratio from 3 to 30, and the CO 2 /SO 2 is a constant at 1.6 ± 0.24 in the SO 2 /H 2 S ratio range from 30 to 300. The H 2 O/SO 2 and H 2 /SO 2 ratios show a larger scatter than the CO 2 / SO 2 and are almost constant at 30 ± 8 and 0.11 ± 0.03, respectively (Fig. 8b, c) . Based on the correlation, we assume the following three representative compositions to interpret the observed variation; the CO 2 /SO 2 and SO 2 /H 2 S ratios are 8 and 3.0 for composition A, 1.6 and 30 for B and 1.6 and 300 for C (Table 1 ). All compositions have the same H 2 O/SO 2 and H 2 /SO 2 ratios of 30 and 0.11, respectively. The AETs under one atmosphere condition are calculated for the compositions A, B and (Table 1) . The highest estimated temperature of 990 °C agrees with the petrological estimate of the magma temperature, ranging from 1000 to 1100 °C (Saito et al. 2017 ).
On February 25, 2015, the high SO 2 concentration peaks (> 4 ppm) have a similar composition of CO 2 / SO 2 = 1.7 ± 0.8, SO 2 /H 2 S = 24 ± 1.5, H 2 O/SO 2 = 63 ± 14 and H 2 /SO 2 = 0.16 ± 0.02 (composition B'; Fig. 9 ; Table 1 ). This composition is similar to the B composition on January 12, 2015, except for the H 2 O/SO 2 ratio. Two low SO 2 peaks of small SO 2 /H 2 S ratios around 3 have the CO 2 / SO 2 ratios around 8, that agree with the A composition in January, but have the larger H 2 O/SO 2 and H 2 /SO 2 ratios of 200 and 0.3, respectively, than the A composition (composition A'). The composition A' , however, has a large uncertainty due to the low SO 2 concentration. The AETs under one atmosphere condition for the compositions B' is calculated as 790 °C (Table 1) .
On March 17, 2015, the data show a larger scatter on the CO 2 /SO 2 -SO 2 /H 2 S diagram but the data distribution largely overlaps with that on January 12, 2015 (Fig. 10a) . The high SO 2 concentration peaks (> 10 ppm) have large SO 2 /H 2 S ratios (> 10). The CO 2 /SO 2 ratio of these peaks scatters between 0.6 and 4, and has an average value of 1.6 ± 0.8, which is similar to the composition B and C of 12 January. With decreasing SO 2 /H 2 S ratio, CO 2 /SO 2 ratio increases up to 4, which is slightly smaller than 8 of the composition A on 12 January. The peaks with large SO 2 /H 2 S ratios (> 30) have a constant H 2 O/SO 2 ratio at 68 ± 20, which is similar to the composition on 25 February. The H 2 O/SO 2 ratio increases up to 200 with decreasing SO 2 /H 2 S ratio down to 3. The H 2 /SO 2 ratio increases from 0.005 to 0.1 with decreasing SO 2 /H 2 S ratio from 300 to 30. Based on these variation, representative composition of A", B" and C" are estimated (Table 1) , however, the composition A" have a large uncertainty due to the (Table 1) .
The CO 2 /SO 2 and SO 2 /H 2 S ratios of May 2015 are 2.9 ± 0.6 and 5.1 ± 1.3, respectively, and are similar to composition A" of March 17, 2015. The H 2 /SO 2 ratio of March is 0.008 ± 0.003, which is smaller than the composition A" but similar to the H 2 /SO 2 ratios with large SO 2 / H 2 S ratios such as compositions B" and C". The AET is calculated as about 440 °C by assuming one atmosphere and H 2 O/SO 2 = 100 (Table 1) .
Discussion
Eruptive period Composition variation on January 12, 2015
The CO 2 /SO 2 and SO 2 /H 2 S ratios on January 12, 2015, show a systematic correlation; the data align on two straight lines among three representative compositions A, B and C (Fig. 8a) . The composition variation can be caused either by mixing of gases from three sources or by temporal variation of gas composition. Even during the eruptive period, there are two degassing sources: the erupting vent and the fumarolic area on the southern crater wall (Fig. 1) . However, on January 12, 2015, the crater was filled with the ash laden plume discharged by intensive ash eruption and the erupting vent seems to be a far dominant source of the plume. The rapid and large composition variation is likely reflecting the variation of degassing condition at the erupting vent.
Variation of CO 2 /SO 2 ratio of magmatic gases is observed at various volcanoes and has often been attributed to changes in gas-magma equilibrium pressure. Because of the low solubility, CO 2 starts effective exsolution at pressure higher than S, resulting in a larger CO 2 /S ratio in gases exsolved at a higher pressure (Burgisser et al. 2015; Edmonds 2008) . Rapid variation of CO 2 /SO 2 ratio during Strombolian or lava fountaining eruptions at Stromboli and Etna volcanoes are interpreted to be due to variation of the pressure from which the gases are derived (Allard 2010; Burton et al. 2007; La Spine et al. 2015) . Increases of CO 2 /SO 2 ratios are observed prior to paroxysm eruptions at Stromboli and Villarrica volcanoes and are attributed to supply of CO 2 -rich bubbled formed at a deep source (Aiuppa et al. 2009 (Aiuppa et al. , 2017 . A solubility modeling revealed that the CO 2 /S t ratio range from 0.65 to 9.1 measured at Villarrica volcano corresponds to variation of the equilibration pressures ranging from 0.1 to 20-35 MPa (Aiuppa et al. 2017) . The CO 2 /SO 2 ratio variation from 1.6 to 8 observed on January 12, 2015, at the Nakadake crater can be caused by a similar variation in the equilibrium pressure.
The variation of the CO 2 /SO 2 ratio is associated with a large variation of the SO 2 /H 2 S ratio from 3 to 300 (Fig. 8) . A large SO 2 /H 2 S ratio is a common feature of high-temperature fumarolic gases and a small ratio is that of low-temperature gases. These features are commonly considered as a result of temperature dependence of sulfur redox reaction equilibrium (Giggenbach 1987; Symonds et al. 1994) . Under an oxygen fugacity controlled by a solid-state buffer, such as QFM, temperature dependence of the H 2 /H 2 O ratio in the gas phase is small (Giggenbach 1987) and the large temperature dependence of the equilibrium constant of the reaction (1) results in a large SO 2 /H 2 S variation with temperature ( Fig. 10 in de Moor et al. 2016) . The decrease in SO 2 / H 2 S ratios from 300 to 3 can be caused by temperature decrease in an equilibrium magma degassing from 1000 to 770 °C under an oxygen fugacity buffer of ∆QFM + 1.3. The estimated temperature range agrees with the range of the apparent equilibrium temperatures (Table 1) , and the highest temperature is a reasonable temperature of the erupting basaltic andesite magma.
The estimated temperature of 770 °C seems to be too low as a temperature of the erupting magma (Saito et al. 2017) . Heterogeneous cooling of a magma can be caused by mixing with the air or hydrothermal solution, or adiabatic expansion of bubbles. The air or hydrothermal solution contains atmospheric oxygen and the mixing results in oxidation and cannot cause the observed composition variation. An adiabatic expansion of rapidly ascending bubbles can cause a significant cooling. Burgisser et al. (2012) demonstrated that an isentropic expansion of bubbles from 0.5 to 0.065 MPa can cause a cooling of 350 °C. Many explosions occurred during the (Fig. 7) , and the explosion can be caused by the rapidly ascending bubbles. The adiabatic bubble expansion occurs with an absence of thermal interaction with the surrounding magma. Under such a condition, oxygen fugacity of the gas cannot be controlled by the magma, as the chemical exchange is slower than the thermal exchange. The SO 2 /H 2 S variation is less likely caused by the temperature variation under a control of an oxygen fugacity buffer. Furthermore, the large CO 2 /SO 2 variation is less likely caused by the temperature variation. Few studies on magma degassing focused on temperature dependence but mainly on pressure, magma composition or redox dependences (Burgisser et al. 2015; Moretti et al. 2003; Witham et al. 2012) . In general, temperature dependences of volatile solubility in a silicate melt are rather minor than their pressure and composition dependence (e.g., Holloway and Blank 1994) .
A closed-system cooling of a gas phase also decreases SO 2 /H 2 S ratio by temperature dependence of reaction (1). The amount of H 2 S which can be produced by the equilibrium shift is limited by the amount of H 2 in the original gases. Reaction (1) consumes three moles of H 2 to form one mole of H 2 S. The closed-system cooling of the gases with H 2 /SO 2 of 0.1 cannot decrease the SO 2 / H 2 S ratio from 300 to 3. Consumption of all H 2 (0.1 mol) in an original gas with 1 mol of SO 2 produces 0.033 mol of H 2 S, resulting in the SO 2 /H 2 S ratio decrease from 300 to 28 and the H 2 /SO 2 decrease from 0.1 to zero. The decrease in SO 2 /H 2 S by reaction (1) should be associated with the H 2 /SO 2 decrease. The constant H 2 /SO 2 ratio indicates an absence of the simple closed-system cooling.
Variation of the gas-magma equilibrium pressure can cause a variation of the SO 2 /H 2 S ratio. Under a condition of the gas-magma equilibrium, temperature and oxygen fugacity is likely constant, where the SO 2 /H 2 S ratio is proportional to a reciprocal of total pressure (Eq. 2). A pressure variation from 0.1 to 20-35 MPa is suggested to cause the CO 2 /SO 2 ratio variation from 1.6 to 8. The SO 2 / H 2 S ratio decreases from 300 to 3 can be caused by a two orders of magnitude increase in the equilibrium pressure, e.g., from 0.2 to 20 MPa. The CO 2 /SO 2 ratio shows the negative correlation with the SO 2 /H 2 S ratio in SO 2 / H 2 S ratio range from 3 to 30, but the CO 2 /SO 2 ratio is almost constant in the larger SO 2 /H 2 S ratio range from 30 to 300 (Fig. 8) . The different correlation can be due to different pressure dependences of the CO 2 /SO 2 and SO 2 / H 2 S ratios. The linear pressure dependence on the SO 2 / H 2 S ratio (Eq. 2) implies that the SO 2 /H 2 S ratios of 3, 30 and 300 of the compositions A, B and C can be created at the equilibrium pressures of 0.2, 2.0 and 20 MPa, respectively. In contrast, a logarithm of the CO 2 /S ratio is proportional to the pressure (Fig. 7 in Aiuppa et al. 2017 ). The pressure decrease from 2.0 to 0.2 MPa causes only a small decrease in the CO 2 /SO 2 ratio from 1.7 to 1.5. The small difference cannot be quantified by the present method, and the CO 2 /SO 2 ratios are judged as a constant Fig. 8 Correlation of gas concentration molar ratios on 12 January 2015. a correlation of CO 2 /SO 2 molar ratio with SO 2 /H 2 S molar ratio, b correlation of H 2 O/SO 2 molar ratio with SO 2 /H2 S molar ratio, and c correlation of H 2 /SO 2 molar ratio with SO 2 /H 2 S molar ratio. Grey circles show ratios obtained for high concentration peaks of SO 2 ≥ 10 ppm, and white circles are ratios of low concentration peaks of SO 2 < 10ppm. Red, blue and green circles indicate the compositions A, B and C, respectively under these conditions. At these pressures, the AETs of the compositions A, B and C are calculated as a common temperature of 990 °C for the three compositions.
Kinetics of gas reactions are faster than those of gasmagma reactions and reactions among gas species will remain in thermodynamic equilibrium during a rapid bubble ascent in magmas even under a condition causing the adiabatic cooling (Burgisser et al. 2012) . By a pressure decrease, reaction (1) proceeds to the right side and the SO 2 /H 2 S and H 2 /H 2 O ratios increase. The gases exsolved at a high pressure will change composition by the rapid ascent of bubbles and will have a composition in equilibrium under the atmospheric pressure condition at the surface. Under the atmospheric pressure (0.1 MPa), the AETs of the compositions A, B and C are 770 °C, 870 °C and 990 °C ( Table 1) . The difference in the AETs can be due to the adiabatic cooling of the gas phase by decompression; the composition A gas equilibrated with the magma at 20 MPa and 990 °C cooled to 770 °C at 0.2 MPa, and the composition B gas equilibrated with the magma at 2.0 MPa and 990 °C cooled to 870 °C at 0.2 MPa. The constant H 2 O/SO 2 ratio of 30 may correspond to the ratio of the bulk magmatic gas discharged on January 12, 2015.
Composition variation during the later eruptive period
The CO 2 /SO 2 and SO 2 /H 2 S ratios of February 25 and March 17, 2015, show a larger scatter but are plotted along the correlation observed on January 12, 2015 (Figs. 8, 9 , 10). The compositions B' , B" and C" are similar to the composition B or C (Table 1; Fig. 11a ), suggesting these gases are derived from similar conditions of those on 12 January. The composition A" of March 17, 2015, has a smaller CO 2 /SO 2 ratio of 4 compared with that of 8 on January 12, 2015. The pressure dependence of the CO 2 /S ratio (Aiuppa et al. 2017) suggests that the twice smaller CO 2 /SO 2 ratio can be caused by a twice lower equilibrium pressure. The lower equilibrium pressure should also cause a larger SO 2 /H 2 S ratio of the gas phase, that is not the case on March 17, 2015. This discrepancy might be, at least partly, due to a larger estimation error of the CO 2 /SO 2 and SO 2 /H 2 S ratios of the composition A" than of the composition A, because of the low plume concentrations (Fig. 10) . The CO 2 /SO 2 and SO 2 /H 2 S ratios in May 2015 are 2.9 ± 0.6 and 5.1 ± 1.3, respectively (Table 1 ; Fig. 11a ). These gases have intermediate compositions of composition A" and B" on March 17, 2015, and are likely in the gas-magma equilibrium under intermediate pressures between 2 and 10 MPa.
The H 2 /SO 2 ratio of the composition B' on 25 February is similar to that of the composition B on 19 January, resulting in a similar but slightly lower AET of 790 °C than that of the composition B (Table 1) . The composition Fig. 9 Correlation of gas concentration molar ratios on 25 February 2015. a correlation of CO 2 /SO 2 molar ratio with SO 2 /H 2 S molar ratio, b correlation of H 2 O/SO 2 molar ratio with SO 2 /H 2 S molar ratio, and c correlation of H 2 /SO 2 molar ratio with SO 2 /H 2 S molar ratio. Grey circles show ratios obtained for high concentration peaks of SO 2 ≥ 4 ppm, and white circles are ratios of low concentration peaks of SO 2 > 4 ppm. Blue circle indicates the composition B' , and red and green dotted circles indicate the compositions A and B, respectively B' can be explained by adiabatic cooling of the gas phase equilibrated with the magma at 2 MPa, similar to composition B. The slightly lower AET is due to a larger H 2 O/ SO 2 ratio of composition B" (60) than that of composition B (30; Fig. 11b ). The larger H 2 O/SO 2 ratio can be due to a mixing of an external water, such as a hydrothermal solution at shallow depth surrounding the erupting vent, suggested by fallouts of salt materials (Shinohara et al. 2018) . The salt fallouts were observed during the eruptive period of the Nakadake crater, and have a round hollow shell structure and compositions similar to the crater lake water. These features suggest that the salts are formed by drying droplets of a hydrothermal solution in the erupting plume, implying distribution of a hydrothermal solution near surface surrounding the erupting vent (Shinohara et al. 2018) .
The H 2 /SO 2 ratios of the composition B" and C" on 17 March are much smaller than those in the early stage, results in lower AETs (Table 1 ; Fig. 11c ). The composition A" has a H 2 /SO 2 ratio of 0.1, similar to those of the early stage, but has a larger H 2 O/SO 2 ratio of 400, resulting in a low AET of 510 °C, similar to the AETs of the compositions B" and C". The chemical shift of reaction (1) in a gas phase by cooling can explain the difference of the compositions B and B", but not of C and C". If the H 2 /SO 2 ratios of compositions B and C decrease from 0.1 to 0.01, SO 2 /H 2 S ratios decrease from 30 to 16, and from 300 to 30, respectively. If the composition C" is also derived from a magma degassing at a low pressure, similar to the composition C, an additional oxidation process may be required for the composition C", such as a mixing with the air. The H 2 O/SO 2 ratios of the compositions A", B" and C" are larger than those on January 12, 2015 (Fig. 11b) , and can be due to a mixing of a hydrothermal solution, as suggested for the composition B' . The low AETs on March 17, 2015, can be partly due to cooling by the mixing of a hydrothermal solution. The shallow hydrothermal solution may contain oxygen derived from the air and can contribute oxidation of the gas components. Further evaluation, however, cannot be made with the present limited information.
The H 2 /SO 2 ratios in May 2015 are similarly low to those of the compositions B" and C". H 2 O/SO 2 ratios were not quantified in May because of a larger fluctuation of the background H 2 O concentration in the atmosphere. By assuming the H 2 O/SO 2 = 100, AETs are calculated as 430-440 °C, which are even lower than those on 17 March (Fig. 11c) . The low AETs suggest further cooling of the gases by an increase in the hydrothermal contribution.
Degassing process during the eruptive period
The Nakadake is a persistently degassing volcanic cone, which discharges 200-600 t/d of SO 2 even during the quiet period (Miyabuchi and Terada 2009; Shinohara et al. 2015b) . The persistent degassing can be caused by Fig. 10 Correlation of gas concentration molar ratios on 17 March 2015. a correlation of CO 2 /SO 2 molar ratio with SO 2 /H 2 S molar ratio, b correlation of H 2 O/SO 2 molar ratio with SO 2 /H 2 S molar ratio, and c correlation of H 2 /SO 2 molar ratio with SO 2 /H 2 S molar ratio. Grey circles show ratios obtained for high concentration peaks of SO 2 ≥ 10 ppm, and white circles are ratios of low concentration peaks of SO 2 < 10ppm. Red, blue and green circles indicate the compositions A", B" and C", respectively the conduit magma convection (Kazahaya et al. 1994; Shinohara 2008) . The conduit magma convection is likely the mechanism of the persistent degassing at the Nakadake cone. This hypothesis is supported by observation of clear glass shards in the lake sediment and in the products of small eruptions from the lake, implying degassing of a molten magma near surface Miyabuchi and Terada 2009) . The large SO 2 fluxes of 1000-3000 t/d were measured during the eruptive period (Fukuoka Regional Headquarters, Japan Meteorological Agency 2016). The erupting magma contributes only a small portion of the SO 2 degassing and the major amount is derived by the conduit magma convection. 2 × 10 6 tons of ash was discharged during the early 70 days of the eruptive period (Yokoo and Miyabuchi 2015) , and the total SO 2 discharged during the same period is calculated as 1.4 × 10 5 tons, taking an average of 2000 t/d. The S content of melt inclusions in andesitic scoria erupted on November 29, 2014, ranges from 0.008 to 0.036 wt% (Saito et al. 2017) . Using the maximum S content, we can calculate the minimum estimate of the magma which supplied the SO 2 as 2 × 10 8 tons, that is 100 times larger than the amount of the erupted magma. Dissolved volatiles in the erupted magma contribute only 1% of the gas emission, and 99% of the gases are derived from a magma convecting in the conduit or by bubbles already existed in a magma chamber where the melt inclusions formed.
Variation of the gas composition observed on January 12, 2015, is caused by a variation of gas-magma equilibrium pressure, such as ranging from 20 to 0.2 MPa (Fig. 12a) . During magma ascent, bubbles form and grow with decompression. In the early stage of bubble formation, the gas phase is likely in chemical equilibrium with the magma because of rapid chemical reactions under a magmatic temperature. Bubbles ascend relative to the magma by their buoyancy, and the bubble ascent rate increases with the bubble size. Rapid ascent of a large bubble reduces chemical interaction of the gas phase with the magma and finally loses the interaction. The gas-magma equilibrium pressure estimated from the gases discharged to the surface implies a pressure where the gas phase lost chemical interaction with the magma. Thermal diffusivity is larger than chemical diffusivity and thermal interaction will continue even after cessation of chemical interaction, but will be stopped by a very large bubble ascent rate, which causes cooling by the adiabatic expansion of bubbles. Lower AETs are obtained for the composition with higher equilibrium pressures. A high equilibrium pressure implies rapid bubble ascent that started at the high pressure that likely causes a large bubble ascent rate, resulting in a large degree of the adiabatic cooling. During the early measurement by 10:20 on January 12, 2015, the CO 2 /SO 2 ratios are split into two values of two and eight (Fig. 4a) . The two distinct ratios rather than scattering between the two ratios suggest two distinct bubble sources at different depth rather than a bubble ascent from variable depth.
The gas-magma separation at near atmospheric pressure is suggested from the composition C and can be caused by degassing at the top of the convecting magma in a conduit. The bubbles ascend through the convecting magma column and caused the composition variation. The rapid expansion of bubbles near surface may cause explosions. However, we could not find a clear correlation between observation of high CO 2 /SO 2 ratios and occurrence of explosions. The plume which we measured reached to the crater rim with drifting by the wind, and the observed composition may not correspond to composition of each bubble but is likely an average composition of multiple bubbles and surface degassing.
The variations of CO 2 /SO 2 and SO 2 /H 2 S ratios of February 25 and March 17, 2015, are modeled as the result of gas emission from various gas-magma equilibrium pressures by assuming that those ratios are similar to the representative compositions on January 12, 2015. On 25 February and 17 March, the large CO 2 /SO 2 and small SO 2 /H 2 S ratios are obtained only with low concentration plumes (Figs. 9, 10 ). Plume concentration is not a direct measure of gas flux but tends to be small when flux is small. The low plume concentration suggests that contribution of bubbles with a larger equilibrium pressure decreased after January 12, 2015. The smaller CO 2 /SO 2 ratio of the composition A" compared to the composition A suggests that the maximum equilibrium pressure is smaller on 17 March than on 12 January (Fig. 12b) . The H 2 /SO 2 and H 2 O/SO 2 ratios increased and the AET decreased with time (Fig. 11) , and these changes can be caused by increase in near-surface mixing of a hydrothermal solution with time.
The CO 2 /SO 2 and SO 2 /H 2 S ratios of May 19 and 20, 2015, indicate that the gases equilibrated with the magma at a constant and intermediate pressure are discharged. The compositions with the low equilibrium pressure (e.g., compositions C, C' and C") were not observed in May, suggesting that the pressure at the top of the convecting magma increased to the intermediate pressure. We do not have a clear model to explain the mechanism of the pressure increase at the top of the magma column. The pressure increase at the top of the convecting magma column will reduce gas volume proportion in the magma, then reduce fragmentation of magmas by bubble expansion and may lead to cessation of the ash eruption soon after.
Volcanic gases are discharged not only from the main vent but also from the fumaroles at the southern crater rim (Fig. 2) . The fumarole plumes are often pale transparent in contrast to the white opaque plume of the main vent, indicating a higher temperature of the fumarolic gas than the main vent gas. A high temperature at the source prevents water condensation in a plume by a mixing with the air and often forms a transparent plume (Matsushima and Shinohara 2006) . Size of the plumes derived from the fumaroles look smaller than that from the main vent but in the same order of magnitude. The observed composition variation likely reflects mainly what occurred at the main vent but also includes contribution of the fumarolic gases. The gases equilibrated as low pressures (the compositions C and C") are less likely discharged from the fumaroles but likely from the main vent where near surface distribution of the magma is inferred from the continuous ash eruption with frequent Strombolian activity. The gases equilibrated at a high pressure (e.g., the composition A, and A") can leak from the magma conduit to the surroundings to be discharged at the fumaroles (Fig. 12) . A significant cooling of gas temperature from the magma Fig. 12 Schematic diagrams showing the mechanism of the composition variation observed during the eruptive period. a On 12 January 2015, gases discharge during intensive ash eruptions are derived from a wide range of pressure from 20 to 0.2 MPa, causing a rapid and large variation in gas composition, in particular of CO 2 /SO 2 and SO 2 /H 2 S ratios. The fumarolic gases likely be derived from gases separated at a high pressure. b On 17 March, the rapid and large variation of gas composition indicates bubble ascent from a wide range of pressure. But decrease in the composition range suggests decrease in the maximum degassing pressure and decrease in contribution of bubbles formed at a high pressure. c On May 2015, the stable gas composition implies degassing of a well-mixed magma under a stable condition temperature was estimated for the composition A and is attributed to the adiabatic expansion of bubbles. The gas ascent to the fumaroles, however, less likely causes the significant cooling, because the gas ascent through channels is an isenthalpic process, whereas the free expansion of bubbles in a magma is isentropic process. At present, contribution of the fumarolic gases to the observed composition is not clear. We need separate measurement of the plumes derived from the two sources by applying a drone or FT-IR (Allard et al. 2005; Mori et al. 2016) .
The large SO 2 fluxes of 1000-3000 t/d are measured during the eruptive period but similarly large fluxes of 1000-2000 t/d are measured during the pre-eruptive and post-eruptive periods, implying that the large SO 2 flux, therefore the large magma convection rate, is not a direct cause of the eruptions. The volcanic gas compositions measured during the eruptive period showed large and rapid variation, in particular the CO 2 /SO 2 and SO 2 /H 2 S ratios varied from 1.5 to 8, and from 4 to 100, respectively, within a few minute (Fig. 4a, b) . The composition variation is interpreted as the result of degassing at variable pressure, likely caused by rapid ascent of large bubbles. Recent gas composition measurements during Strombolian and lava fountaining eruptions at Stromboli and Etna volcanoes demonstrated that these eruptions are driven by rapid ascent of bubbles formed at a large depth (Aiuppa et al. 2009; Allard et al. 2005; Burton et al. 2007) . Similarly the ash eruptions at the Nakadake volcano can be driven by the rapid bubble ascent. The composition variation suggesting the large degassing pressure variation becomes less significant with time and disappeared in May, 2015, just before the end of the eruptive activity. This temporal variation is consistent with the idea of bubble-driven eruption. Occurrence of each explosion, however, did not directly correlate with the rapid composition variation. If the eruption is driven by a bubble-rich magma, bulk gas composition should become more CO 2 -rich with increasing eruption intensity. However, we could not estimate an average composition of gases on each day and cannot evaluate variation of bulk gas composition, such as a correlation of the CO 2 / SO 2 ratio of the bulk gas and intensity of the eruptive activity. We need further detailed data set to conclude the bubble-driven eruption at the Nakadake crater.
Degassing process during the quiet period
During the quiet period, the lake gas and the fumarolic gas have different and variable compositions (Fig. 3) . The composition differences and variation might be caused by differentiation between these gases and with the crater lake water. HCl and H 2 S in the lake gas are largely controlled by entrapment by the crater lake water. The CO 2 / SO 2 ratio of these gases is contrasting; the lake gases have smaller ratios of 0.34-2.6 than those of fumarolic gases of 1.7-10 with small overlap. The CO 2 /SO 2 ratios of these gases show a symmetric variation with a central value of about two (Fig. 3a) . These features indicate that these gases are derived from a single source with the CO 2 /SO 2 ratio of two. Shinohara et al. (2015b) interpreted that the fumarolic gas is a mixture of a magmatic gas and a CO 2 -rich vapor separated from an underground hydrothermal system, and the gases remained in a liquid phase in the hydrothermal system are the source of the lake gases. A wide range of the CO 2 /SO 2 ratios was observed during the eruptive period and is modeled as the result of variable degassing pressure. The variable degassing pressure during eruptions might be caused by rapid ascent of bubbles from variable depth. The observed range of the CO 2 /SO 2 ratio during the eruptive periods is similar to that of the lake and the fumarolic gases during the quiet period. The wide range of the CO 2 /SO 2 ratios observed during the quiet period can be also caused by variation of the degassing pressure. The fumarolic gas with the large CO 2 /SO 2 ratio can be derived by a gas leakage from a magma at a great depth, and the lake gas with the small CO 2 /SO 2 ratio is the gases discharged by a low-pressure degassing of the magma which already lost the CO 2 -rich bubbles to the fumarolic gases. Variation of the gasmagma separation to the fumarolic gases can cause the temporal variation of the CO 2 /SO 2 ratios. Similar CO 2 /SO 2 ratios were measured for the lake and fumarolic gases in October 2004 and October 2008 (Fig. 3a) . In these cases, the same magmatic gas separated from the same depth may be supplied to both the lake and fumarolic gases. The composition difference of these gases is mainly caused by low-temperature differentiation in the lake, and the fumarolic gas likely retains features of the magmatic gas composition. The H 2 O/SO 2 ratios of the fumarolic gas do not show clear temporal variation with an average of 53 ± 22 (Fig. 3b) . This value is larger but with some overlap with the ratios of 30 ± 13 obtained during the most active eruptive period on January 12, 2015. The central value of the lake and fumarolic gas CO 2 /SO 2 ratios is two, and likely represents the bulk gas composition discharged from the volcano during the quiet period. This value is similar to that observed in May 2015 when a single composition was observed. The similarity of the bulk gas compositions implies a small variation of volatile contents in the magmas supplied during the quiet period and the eruptive period, and does not agree with the idea that the ash eruption was driven by a bubble-rich magma. However, the similarity of the bulk gas CO 2 /SO 2 ratio during the active eruptive period was not confirmed because of the lack of the bulk composition estimate during the most active eruptive period.
